In this research, the polarization behavior and kinetic pathways of an SOFC cathode have been investigated with a 1-D continuum model incorporating material physical properties and surface potential effects into a multi-step ORR kinetic formalism. It is found that (1) Two different types of 3PB-to-2PB pathway transitions can be identified. A strong 2PB pathway contribution leads to an explicit transition, while an implicit transition implies more favorable 3PB kinetics. The predicted kinetic trends qualitatively agree with literature results on single-phase LSM cathodes in different configurations and operation conditions; (2) The explanation for the different transition modes concerns the fact that the mass transport limitation of the 3PB path is more easily reached (at lower overpotential) when incorporation kinetics are favored by the material properties; and (3) The surface potential is found to strongly control the oxygen adsorption by introducing a rate-limit for cathodes with lower oxygen coverage, and can drive the incorporation faster under 3PB-favorable states. Solid oxide fuel cells (SOFCs) are promising solid-state electrochemical devices for clean power generation from fossil energy resources. Despite the SOFCs' unique fuel-flexible advantages, issues including manufacturing cost, reliability, and the public's misperception of SOFC as a hydrogen technology remain obstacles to commercialization.
Solid oxide fuel cells (SOFCs) are promising solid-state electrochemical devices for clean power generation from fossil energy resources. Despite the SOFCs' unique fuel-flexible advantages, issues including manufacturing cost, reliability, and the public's misperception of SOFC as a hydrogen technology remain obstacles to commercialization. 1 Research priorities are focused upon development of affordable SOFCs operating with hydrocarbon fuels at an intermediate temperature (IT) range of 700-850
• C. However, lower operation temperature negatively affects cell performance. Especially for the most common SOFCs with Sr-doped lanthanum manganite (LSM) as the cathode, a major portion of the total polarization resistance arises due to the sluggish oxygen-reduction reaction (ORR) on the cathode side. 2, 3 Numerous research efforts have been devoted to identifying the reaction mechanism and rate-limiting factors for the SOFC cathode materials, which are mixed ionic and electronic conductors (MIECs) at elevated temperature or under bias. Such mixedconducting characteristics allow oxygen incorporation and transport to proceed in a parallel fashion along both a surface pathway across the "open" triple-phase-boundary (TPB or 3PB) as well as via bulk pathway across the "closed" two-phase boundary (2PB) between cathode and electrolyte. 4, 5 For LSM-type perovskite cathodes with low intrinsic ionic conductivity, the ORR process is generally confined to the surface pathway near the 3PB. 6, 7 For the more ionically conductive materials such as Sr-and Fe-doped lanthanum cobaltite (LSCF), bulk pathway reactions are more kinetically dominant and result in superior IT performance. [8] [9] [10] LSM possesses technical value owing to good long-term stability, good electrolyte compatibility, and a body of technical research available to help understand reaction fundamentals, e.g. activation behavior. 10 Recently, progress has been made to utilize LSM for IT SOFCs by microstructural optimization 11 and through surface modification in infiltrated electrodes with LSCF backbones to improve performance and stability. 12, 13 Although much progress has been made, determination of the detailed ORR mechanism remains elusive with respect to dominance/competition for particular kinetic pathways and steps. In conventional measurements with porous cathodes, more than one ratelimiting step (RLS) along the surface path has been proposed for LSM at 700-950
• C, including charge-transfer for oxygen dissociative adsorption, surface diffusion, and 3PB charge-transfer. 6, [14] [15] [16] Uncertainties observed in regular electrode construction and testing have spawned further research using model electrodes. Dense, thin-film electrodes or patterned microelectrodes have been increasingly applied to quantify critical geometrical effects (e.g. 3PB length) on the polarization resistance and rate-determining process. Early works from Siebert and Van Herle reported a shift of the dominant kinetic process from dissociative oxygen adsorption to bulk ionic transport below −0.2 V polarization as the electrode is reduced. 17, 18 With thinner LSM micro-electrodes (∼250 nm thick) at 800
• C, Brichzin also found bulk oxygen transport to dominate the ORR process below −0.2 V, with possible contributions from oxygen incorporation and 2PB interfacial transfer. 19 Such bulk-dominated ORR kinetics were also confirmed by La O' and co-workers for a patterned LSM electrode (240∼360 nm thick), but they attributed the RLS to an unspecified surface chemical reaction at temperatures above 700
• C. 20 In contrast, Radhakrishnan and Miara reported the ORR kinetics for thicker (0.5 micron) LSM-type patterned electrodes to be 3PB-dominated, in a way that surface diffusion and charge-transfer became rate-limiting at 600 and 800
• C, respectively. 21, 22 These recent studies have progressively analyzed the governing ORR mechanism from quantitatively well-defined parameters, yet the interaction of kinetic pathways depends on the geometry and surface chemistry of microelectrodes, 5, 19 properties that vary with composition and processing as in macroelectrodes. Unfortunately, quantitative measurement of surface vs bulk path kinetics for porous cathodes is not well established, 10 as the deconvolution of impedance spectra must take place under significant empirical uncertainty. 20 Numerical modeling provides an alternative method to correlate the mechanistic information from fundamental measurement and fullscale cathode performance. Kinetic models unveil the detailed ORR by computing the roles played by each reaction pathway and allowing identification of the key reaction and transport parameters. The results can be integrated into multi-scale models to predict the interplay of cathode geometry and material properties. In recent modeling works, the charge and mass transport mechanisms during the ORR process have been thoroughly studied with respect to reaction driving forces and kinetic scenarios. [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] Within the established theoretical framework, continuum models covering both 3PB and 2PB kinetic paths are addressed in analyzing cathode polarization, since the oxygen transport under different overpotentials is influenced by particular cathode geometry and material properties.
Even though phenomenological changes in cathode polarization behavior are expected to correlate to transition of dominance among competing reaction pathways, detailed parametric analysis has not determined how such pathway transitions respond to the evolution of surface and bulk material properties. In our recent calculation, the amount of 3PB sites with a certain contact area of 2PB depends on particle size of SOFC cathode, indicating higher specific surface area would result in faster 3PB kinetics. However, the microstructural effects of SOFC cathode are less addressed here. The major goal of the present work is to investigate the effects of surface reaction kinetics and material physical properties on the 3PB/2PB pathway transition, and to explore its relationship with cathode polarization behavior. A 1-D dynamic continuum model is constructed with two parallel ORR pathways (3PB and 2PB) for analyzing the electrochemical activation and reaction rate/species distributions of LSM-type MIEC cathodes. The model applies a Butler-Volmer (B-V) description of surface oxygen reaction driven by surface electrostatic potential, which varies according to diffusion-induced profiles of surface oxygen intermediates. A parametric study of cathode surface processes with varied surface oxygen coverage, exchange rates and consequent surface potential effects gives rise to two types of I-V polarization characteristics in this study, which are compared to relevant experimental data in the literature. Physical processes determining 3PB-to-2PB kinetic transitions and cathode performance are also discussed, with detailed analysis of surface reaction rates.
Model Description
Physical model for bi-pathway ORR kinetics on MIEC cathode. Fig. 1a schematically shows the ORR process in a model single-phase LSM-type MIEC cathode in contact with a yittria-stablized-zirconia (YSZ) electrolyte. Oxygen transport and incorporation into the electrolyte proceed through the cathode surface (3PB) and bulk (2PB). The detailed reaction mechanism for this model has been published in a prior study, and involves six elementary reaction steps with an ionic surface oxygen intermediate and a bulk oxygen vacancy as the active electrode species. 34 The 3PB pathway consists of reaction steps S1-S4, corresponding to oxygen adsorption, surface electronation, surface diffusion and 3PB charge transfer, respectively. The 2PB pathway competes with the 3PB path, adding oxygen incorporation step B3 and 2PB oxygen exchange step B4 as well as considering bulk oxygen vacancy diffusion. To address the surface potential effects, the model assumes that surface electronation can be rate-limiting for oxygen adsorption on a metallic cathode surface, and the surface oxygen ad-ions are sufficiently abundant to ignore kinetic contributions from other minor neutral and charged surface species. The oxygen dissociative adsorption can then be described by combining elementary reaction steps S1 and S2 together as a half-reaction S2 in overall oxygen reduction:
With Fleig's approach, 28 the model considers a Helmholtz double layer on the MIEC cathode comprised of the surface oxygen ion and the bulk mirror charge. Fig. 1b illustrates a surface potential χ s across thickness d between surface/bulk as prescribed by Poisson's equation. The presence of the surface potential modifies reaction rates S2 and B3. Furthermore, variation of surface potential along the cathode surface is modeled during the ORR process, as surface charge density is affected by polarization.
Driving forces for the multi-step ORR reaction.-The derivation starts with applying transition-state-theory (TST) analysis to the rate expressions for charge-transfer reaction steps S2, B3, S4 and B4. 28, 30 We then further explicitly correlate the physically-derived driving force to experimentally measured overpotential. The net chargetransfer reaction is energetically driven by the electrostatic (Galvani) potential difference between reaction states. The surface potential is hereby defined as the electrostatic potential difference between reactant and product species across the gas/MIEC interface in reaction step S2:
Here ϕ e (M) B and ϕ e (M) S are the electrostatic potentials at MIEC cathode bulk and surface respectively. This surface potential also applies to incorporation step B3, but rather adversely affects the reaction rate as for step S2. 28, 30 We directly apply the treatment and derive the electric potential for 3PB charge-transfer of step S4 as: [ 3 ] ϕ e (Y ) is the electrostatic potential for the YSZ electrolyte. At 2PB the electric potential for charge-transfer step B4 is the electrostatic potential difference between the cathode and the electrolyte [ 4 ] Hence at 3PB boundary the surface and bulk electric potentials would satisfy
If the overpotentials are defined as deviation of electric potentials χ S , χ 3P B , and E 2P B from their respective equilibrium (open circuit, OC) states (χ OC S , χ OC 3P B , and E OC 2P B ), a special relationship at the 3PB/2PB boundary can be obtained from Eq. 5 as
Here χ S , χ 3P B , and η 2P B represent the overpotentials at 3PB/2PB interface defined by E = E-E OC with E asχ S , χ 3P B , and E 2P B . Next for a 3-electrode electrochemical system both reference and working electrodes are assumed to be good metallic electrical conductors, so that their electron entropies are assumed unperturbed during cathode (working electrode) polarization. The electrical field gradient inside the bulk MIEC, the electrolyte ohmic drop, and the cathode/electrolyte contact resistance are considered negligible, therefore (details are shown in Appendix)
Here η app = η 2P B is the applied overpotential between working (cathode) and reference electrodes. Eq. 7 allows evaluation of all
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[9]
[10]
Where r S2,0 , r S4,0 , r B3,0 and r B4,0 are the exchange rates defined by a set of forward and backward rate constants, chemical constants and equilibrium species concentrations for respective reactions; C O − ad , C V,M I EC and C V,Y SZ represent the concentrations for surface oxygen ion, oxygen vacancy of MIEC cathode and oxygen vacancy of the electrolyte, respectively. The symmetry factors α are taken as 0.5, and thermal factor f is given by f = F/RT with F as the faradaic constant, R the gas constant and T the temperature. Overpotentials satisfy Eq 7. Langmuir-type isothermal adsorption is assumed here, so that any kinetic effect of surface site restriction is considered negligible. The kinetic expressions thus only contain overpotentials, surface oxygen ion concentration and bulk oxygen vacancy concentration as active simulation variables. It should be emphasized that contradictory views among researchers exist about the issue that the surface process of SOFC cathode is chemical or electrochemical, which is related to the validity of B-V descriptions in surface process. The employment of B-V type equations for surface reaction kinetics of MIEC electrode was first conducted by Fleig. 28 Based on our theoretical understanding on the non-linear correlation among applied overpotential, surface electrostatic potential and surface adsorbed oxygen concentration as shown in Fleig's work, the B-V approach is thereby used to describe the surface processes in this work.
Dependence of surface potential on oxygen intermediates.-As η 2P B is the only variable with experimentally defined value in a full cell (working electrode overpotential η app ), the dependence of the surface potential on the concentration of surface oxygen intermediates is estimated to reduce simulation requirements. Such a relationship has been derived by Fleig with Poisson's equation. 28 Specifically, Poisson's equation is solved using surface oxygen ion concentration to represent charge carrier density and assuming a homogeneous charge distribution across a surface Helmholtz layer, i.e. a "plate capacitor" model
Here C s is the area-specific surface capacitance, which is equivalent to the ratio between the dielectric constant and ionic radius. Hence for the surface overpotential (surface potential change) we have
Substitution of equation 13 into equation 7 gives
Therefore in this way the simulation variables in kinetic equations [8] [9] [10] [11] and C V,M I EC as the two primary dependent variables for numerical simulation. Reaction steps S2, B3 and B4 are set as RLSs with finite rates, 34 since surface reactionkinetics become dominant above 700
• C, 20 and 2PB exchange involving oxygen vacancy is kinetically limited for LSM-type cathode with low intrinsic ionic conductivity. 26, 35 Reaction step S4 remains at quasi-equilibrium with net kinetic rates ignored. The coupled reactivediffusion equations can then be developed with Fick's 2 nd law based upon Eq. 8, 10 and 13:
D s,chem and D b,chem are the surface diffusivity for oxygen ad-ions and bulk oxygen vacancy diffusivity respectively; and S/ V is the volume-specific surface area. The boundary conditions at the cathode/electrolyte (x = 0) are Dirichlet-type for surface oxygen ion defined by quasi-equilibrium reaction S4 with dynamic balance, and flux-type for oxygen vacancies determined by reaction B4:
Eq. 21 is obtained from Eq. 13 and 18, and is regarded as a Lambert W function. The boundary concentration of surface oxygen ions can then be conveniently computed with Matlab. On the cathode surface (x = lc as in Fig. 1a) , a zero-flux boundary condition is assumed for surface oxygen. A blocking boundary condition is used for bulk oxygen vacancies with the assumption that 2PB path is only partially activated through the cathode bulk by an increase of vacancy concentration from thermodynamic equilibrium. [20] Simulation method and parameters.-The model utilizes the finite volume method and explicit integration from Patankar to numerically obtain steady-state solutions for governing equations 15 and 16. 36 The total simulation length is set as 2 μm from the 2PB/3PB interface (x = 0) to the end surface of the MIEC cathode (x = lc). The computation distance adopted reflects the widely accepted phenomenological assertion that surface diffusion and 2PB activation effects primarily occur within 1 μm of the electrolyte for LSMtype MIEC cathodes. 20 ,37 2PB overpotentials (η 2P B ) ranging between −0.3 V to + 0.1 V at 50 mV intervals are input to calculate the species concentration profiles and fluxes. The first flux node is placed right at 
Given the modeled overpotential and simulation distance range, calculation of faradaic currents from diffusion fluxes is considered adequate. Mebane and Lynch have pointed out that sheet resistance associated with electronic migration and bulk charge inhomogeneity will affect cathode polarization of thin-film cathodes (<1 μm) at high overpotential (> −0.4 V), 31, 32 while Svensson estimated that for a thicker cathode (>10 μm) the charge balance had little change at low to moderate overpotential and migration flux would become negligible. 24, 25 Other computation details are mentioned in a previously-published work. 34 Simulations are performed to examine the role of cathode properties in determining performance. In particular, the influence of physical properties and kinetic parameters is examined with respect to polarization and reaction pathway dominance (whether 2PB or 3PB). Four cases are conceived in this study, with parameter values listed in Table I . Type I parameters are directly included in numerical calculation while type II parameters indirectly determine performance by describing the pertinent material physical and thermodynamic states. The bulk material properties for LSM, such as equilibrium vacancy concentration and oxygen chemical diffusivity, are well-documented experimentally and theoretically, and thus our parameterization can be conveniently based upon common dopant levels and material processing conditions. However, the parameters associated with surface properties cannot be readily extracted from the experimentally welldefined and widely-utilized thermodynamic values such as oxygen exchange coefficient. Despite such difficulty, fundamental analyzes and DFT calculations [30] [31] [32] 42 provide supports for our choice of dominating surface reactant species and corresponding exchange rate constants. Details about parameter enumeration have been thoroughly discussed in a prior work 34 and Appendix B. Exchange reaction rates for dissociative oxygen adsorption (S2) and incorporation (B3) are varied between cases to investigate the relationship between surface potential effects and rate-limiting surface reactions. Besides, the physical implication of parametric study on material surface properties has been provided in Appendix B.
This study focuses on a parametric examination of cathode surface processes for various surface oxygen ionic coverages, surface exchange rates, and consequent surface potential effects. Case 1 is the baseline, and case 2 has higher surface equilibrium oxygen ion concentration, thus enhancing the driving force for oxygen transport across the surface and into the bulk cathode. Case 3 has both higher surface equilibrium oxygen ion concentration and equilibrium bulk vacancy concentration, and case 4 has higher equilibrium bulk vacancy concentration but the same surface equilibrium oxygen ion concentration as case 1.
Results and Discussion
I-V relationship and pathway transition.-The current-voltage plots simulated in case 1 (baseline) and case 2 (higher surface equilibrium oxygen ion concentration) studies are respectively presented in Fig. 2a and 2b . Generally the I-V responses of all simulations in this study follow the trend previously reported by Coffey and our previous modeling work. 26, 34 Specifically, 3PB currents tend to dominate ORR kinetics at anodic and low cathodic overpotentials, but ORR kinetics become eventually dominated by 2PB currents when cathodic overpotential grows higher. Coffey pointed out this tendency for the case where approximate parity exists between the 2PB and 3PB exchange rates, 26 and the claim is supported by experimental studies with dense-film MIEC cathodes.
The results shown in Fig. 2 possess an additional critical meaning and provide a testable prediction. Specifically, Fig. 2 indicates that the equilibrium concentration of the surface oxygen ion changes the nature of the cathode polarization behavior and performance. For case 1 with lower C O − ad ,eq , the 3PB current reaches a maximum at approximately −0.1 V, and decreases at overpotentials >−0.15 V. On the other hand, 2PB current increases steadily without exhibiting a kinetic limit. The total current in Fig. 2a is consequently non-linear with a current-limiting "plateau" appearing between −0.1 V and −0.2 V owing to opposing 3PB and 2PB kinetic response to overpotential. The manifestation of the 3PB-to-2PB pathway transition is thus "explicit" via an abruptly observable total current increase above −0.2 V. In contrast to case 1, the adoption of higher C O − ad ,eq in case 2 results in a smooth "implicit" transition from 3PB to 2PB control, as depicted in Fig. 2b . The mass-transport limits in 3PB current now appear at higher cathodic overpotentials (above −0.2 V), and the suppression of transport limitations results in higher 2PB and total currents with Tafel-like overpotential response, and greater than 200% performance increase compared with case 1.
The smooth arc of total current density permits the drawing of tangent lines to extract exchange current densities from the intercepts at 0 V. The value of the 2PB exchange current i 0,2P B (10 −3.76 A/cm 2 ) from Tafel analysis is considerably lower than that (10 −2 A/cm 2 ) directly given by the R B4,0 parameter. This indicates as in prior studies that activation of the 2PB path is kinetically sluggish. The extracted total exchange current (i 0,tot ) is much higher than the observed 2PB current (i 0 , 2PB ), indicating that the 3PB path strongly contributes to overall electrode activation.
The above results indicate that increasing C O − ad ,eq improves both 3PB and 2PB currents, yet the transition point and modes are not predictable a priori. An examination of various mass-transport parameters is conducted to elucidate the character of the resulting pathway transition. In the next sections, the species concentration profile, surface potential response, and distribution of surface reaction rates are compared between cases 1 and 2. population as current density increases, and subsequently increased diffusion length and diffusional resistance. As expected, the diffusion limitation in case 2 is delayed to a larger overpotential, and accordingly a negative shift of the 3PB to 2PB transport control is observed.
Examination of oxygen vacancy profiles also demonstrates the impact of surface potential on oxygen incorporation rates. If the oxygen incorporation step B3 were a pure chemical reaction, lower oxygen vacancies would be expected for case 2, as more vacancies would be consumed by increased numbers of surface oxygen ions. However, Fig. 3b indicates non-trivial differences in the oxygen vacancy profiles between the two cases. At an overpotential of −0.1 V, the oxygen vacancy concentration in case 2 is actually higher than case 1 except for the last computational node at the 2PB interface (x = 0). Although this result defies the general expectation of diminished C V,M I EC in case 2, application of greater overpotential (>−0.2 V) eventually produces the intuitive result of lower C V,M I EC than in case 1 throughout the bulk except for the 2PB boundary node (x = 0), where C V,M I EC in case 2 is slightly (∼8%) lower than that of case 1. Here, as the MIEC bulk vacancy concentration decreases (lattice oxygen increases) the oxygen exchange rates increase across the 2PB, in accordance with Eq. 11. From low to high overpotentials, the observed deviation of vacancy profiles from those expected for a purely chemical reaction suggest that surface potential effects determine surface reaction rates.
Surface overpotential.-The profile of surface overpotential ( χ S ) in Fig. 4 is qualitatively similar to that of the surface oxygen ions in Fig. 3 . This intuitively obvious result arises from the original model assumption and leads to two important observations. First 28, 30 the amplitude of surface overpotential can diverge from the applied 2PB overpotential. Even though surface oxygen is displaced less from equilibrium in case 2 than in case 1 (higher ratio C O − ad /C O − ad ,eq ), the surface polarization is more pronounced due to the increased magnitude of absolute surface charge density. Secondly, surface overpotential tends to be less dependent on the surface chemical potential
ad ,eq ) as the cathode polarizes. For case 1, χ S becomes invariant beyond 0.2-0.6 μm away from the 3PB when the applied 2PB overpotential exceeds 0.1 V cathodic. This suggests that a maximum electrochemical driving force for surface reactions can be approached
,eq drops to a very low level (below 0.1). Below this threshold some other driving force controls rates to maintain steady overpotential.
Surface reaction rates.-A comparison of reaction rates at the surface between cases 1 and 2 is shown in Fig. 5 . Fig. 5a suggests that higher oxygen coverage gives rise to faster oxygen adsorption kinetics in case 2, due to the increase of surface overpotential and polarization. Case 1 shows notable adsorption limitations at higher overpotentials, with a rate plateau appearing near the 3PB. This finding implies that on an oxygen-depleted cathode surface, oxygen adsorption becomes ratelimiting, and the maximum rate is essentially determined by chemical properties as r S2,0 exp(αf χ S,eq ). For the oxygen incorporation step B3 at −0.1 V, case 1 is relatively faster near 3PB (∼0.15 μm). This is mainly attributed to a lower energy barrier (absolute value of χ S ) to transfer of the oxygen anions into the bulk cathode, 29 given that the surface oxygen concentration C O − ad /C O − ad ,eq for case 1 at this moment (low polarization) is not much lower (> 0.1 as in Fig. 3a) than case 2. High polarization of −0.3 V in case 1 causes oxygen incorporation to become kinetically limited by depleting surface oxygen near the 3PB. Hence, the model predicts for the active regions next to the electrolyte that, both adsorption and incorporation become slower with reducing surface oxygen coverage on the cathode, due to diminishing electrical and chemical driving forces respectively at higher overpotentials. Comparing Fig. 5b to Fig. 3b , the oxygen vacancy concentrations can be regarded to mainly control surface exchange rates outside of such active reaction regions.
Furthermore, comparison of case 1 adsorption/incorporation rates (explicitly shown in Fig. 5b by dotted-and dashed plots at −0.3 V) reveals that bulk incorporation dominates the surface reaction process with rates equal to or higher than adsorption rates near 3PB at higher overpotentials. Consequently, the oxygen transport is preferred via the incorporation-active 2PB path and a surface diffusion limitation for oxygen ad-ion results. In case 2 with an oxygen-rich cathode surface, oxygen adsorption dominates the surface reaction kinetics except for the 3PB proximal zone at −0.3 V only. Accordingly, the 3PB kinetics are more favored than in case 1 and the 3PB transport limit is initiated at a more negative overpotential. Changes in surface oxygen coverage shift the dominant surface reaction step, thereby making either the 3PB or 2PB path more kinetically competitive.
Effects of equilibrium vacancy concentration and surface exchange rate constants.-In this section, two cases are developed with a change of the bulk material parameter C V,M I EC,eq and surface exchange rates r S2,0 and r B3,0 . As shown by the parameter list in Table II , the equilibrium bulk vacancy concentration C V,M I EC,eq for case 3 is increased by 10 times over that of case 2. In case 4, the exchange rates r S2,0 for surface adsorption and r B3,0 for incorporation are increased and reduced respectively from case 2 by 10 times, to the value of 10 −7 mol•cm −2 s −1 . Other parameters are kept the same as for case 2. The I-V relationship for case 3 in Fig. 6a shows an "explicit" 3PB-to-2PB pathway transition as in case 1, and inhibited 3PB kinetics compared with case 2, with 3PB mass-transport limitations appearing at lower overpotentials (<−0.15 V). The dominance of 2PB kinetics in case 3 means that the electrode becomes electrochemically active at higher overpotentials, as shown by the higher overall and 2PB currents at −0.3 V in Table II . Fig. 6b indicates both incorporation and adsorption kinetics are improved for case 3 with increase of bulk oxygen vacancies. While it is natural to find faster incorporation for more ionically conductive cathode is somewhat counter-intuitive. The enhancement of the surface adsorption rate is attributed to a higher surface overpotential χ S , resulting from reduction of surface oxygen by the bulk vacancies. Also here, in analogy with case 1, the surface oxygen exchange is more incorporation-active (i.e., at higher overpotentials surface incorporation is faster than adsorption till a distance away from electrolyte), although the active reaction zone expands further from that of cases 1 and 2. Thus it is predicted that a cathode with higher ionic conductivity would be more active for surface oxygen exchange.
In case 4, surface exchange rates are adjusted to make oxygen adsorption faster and incorporation slower. In Fig. 7b a narrower active reaction zone (0.4 ∼ 0.5 μm wide) is predicted for a case 4 cathode, but at regions close to 3PB (0.3 μm wide) surface oxygen reactions are far more active, yielding the highest species fluxes toward the electrolyte among all cases. Clearly, the enhancement of adsorption is from the increase of r S2,0 , but faster incorporation is due to the control of the surface reaction by the surface overpotential and oxygen ions. Thus, when the cathode adsorbs oxygen more easily, its ORR kinetics will be improved but confined closer to the 3PB and 2PB compared with other cases. With adsorption as the more active surface reaction process, 3PB path is kinetically favorable in case 4, and hence in Fig. 7a surface transport limit is insignificant so that an "implicit" pathway transition results as seen in case 2.
Summarizing the simulation results for cases 1-4 (i.e., Figs. 2-4 , 5c and 7b), clearly correlations are shown between relative pathway dominance, the active oxygen reaction zone and the pathway transition style under polarization. Higher oxygen surface coverage and affinity promotes adsorption-advantaged surface reactions and 3PB-inclined ORR kinetics, which give rise to implicit pathway transitions and contraction of the active reaction zone. Fig. 8a shows that pin-shaped and dense-film LSM electrodes exhibit similar polarization behaviors as that simulated for cases 1 and 3, with abrupt current increases above certain overpotentials (−0.1 to −0.3 V), representing an "explicit" kinetic transition to the 2PB path at relatively low overpotential. 17, 18 This trend can also be seen for LSM at lower oxygen partial pressure, 16 which would reduce the concentration of surface oxygen ions while increasing the bulk vacancy concentration, thus favoring 2PB kinetics. On the other hand, results in Fig. 8b for typical porous LSM electrodes in atmospheric conditions agree more with cases 2 and 4, for which no obvious kinetic transition can be observed even at much higher overpotentials (< −0.3 V). 38, 39 Despite the discrepancies between simulation and literature results, which can come from parameter uncertainty, the different kinetic behaviors for cases 1-4 do seem to reflect the experimental trends seen in Figs. 8a and 8b. Even though the microstructural and oxygen partial pressure effects are not explicitly considered in the case study for this model, qualitative kinetic pathway dominance can be expected to depend on both surface/bulk material properties and the microstructural/ambient states of the electrode. The specific surface area S V of MIEC cathode can be expressed as Where ε is the electrode porosity; d p and N p are the pore diameter and number of pores, τ and A the tortuosity and the electrode crosssection area respectively. A higher S V predicted by Eq. 23 for more porous electrode would directly promote 3PB current in Eq. 21, and can benefit 2PB kinetics as well by increasing the incorporative term in Eq. 16. Such effects are qualitatively comparable to that brought by increasing C O − ad ,eq while keeping a constant surface area in case 2. On the other hand for electrode with dense microstructure and/or at high temperatures, 2PB kinetics becomes dominant due to increased ionic conductivity and broadened contact area of the electrode with the electrolyte. 20, 41 The 3PB kinetics of dense electrodes is inhibited by low oxygen diffusivity inside pores and diminished local oxygen partial pressure. 40 Further Fig. 8a implies that even for fully-dense LSM cathode at very high temperature, 3PB kinetics does not become negligible during electrode polarization.
Discussion and comparison of modeling results to experiment.-V-I relationship as function of kinetic pathway dominance.-
The above comparisons show that the pathway transition can be phenomenologically useful to probe relative 3PB or 2PB dominance in ORR kinetics for LSM-type cathode, as both this study and prior work indicate the current-limiting behavior for electrode V-I plots at intermediate overpotentials comes from 3PB mass transport limitation. 26 It should be pointed out that two types of pathway transition have also been reported by Coffey's modeling study, 26 but in Coffey's case the kinetic disparity is caused by different magnitudes of exchange currents between cases, whereas for 3PB and 2PB paths in each simulated case the exchange currents are kept essentially the same. 26 This is in contrast to the present work, wherein the pathway transition is changed by changes in the relative 3PB/2PB kinetic contributions associated with the tuning of material physical properties from case to case. For a practical MIEC cathode, the dependence between overall 3PB and 2PB exchange currents is rather uncertain. The case study results here can be more conveniently correlated to the performance optimization routes of modifying the cathode material surface/bulk properties. However, care must be taken of applying such 1-D simulation findings onto real cathode with 3-D network, as the kinetic effects from the microstructure and ionic component of cathode should be explicitly considered.
Implications for performance optimization.-Understanding the kinetic behavior for different types of cathodes, including the influence of surface potential, can be important when choosing a strategy for performance optimization. Comparisons among cases 2-4 imply that for LSM, modification of the surface catalytic activity by increasing of C O − ad ,eq and χ S can be more efficient than enhancing the ionic conductivity (with higher C V,eq ), in that the former methodology promotes overall performance without sacrifice of 2PB kinetics, while 
Conclusions
The polarization behavior and kinetic pathways of an SOFC cathode have been investigated with a 1-D continuum model incorporating material physical properties and surface potential effects into a multistep ORR kinetic formalism. The key findings can be summarized as follows:
(1) Two different types of 3PB-to-2PB pathway transitions can be identified. A strong 2PB pathway contribution leads to an explicit transition, while an implicit transition implies more favorable 3PB kinetics. The predicted kinetic trends qualitatively agree with literature results on single-phase LSM cathodes in different configurations and operation conditions. (2) The explanation for the different transition modes concerns the fact that the mass transport limitation of the 3PB path is more easily reached (at lower overpotential) when incorporation kinetics are favored by the material properties. (3) The surface potential is found to strongly control the oxygen adsorption by introducing a rate-limit for cathodes with lower oxygen coverage, and can drive the incorporation faster under 3PB-favorable states.
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Appendix A -Derivation of surface and bulk overpotentials
If overpotentials are defined as potential deviation from equilibrium value at OCV such that χ = χ − χ eq and η 2P B = E 2P B − E OC 2P B , we know from Eq. 6 that χ 3P B = 2η 2P B − χ S [6] Next the relationship between applied overpotential η app with χ and η 2P B needs to be identified. Assume a 3-electrode testing system; the measured open circuit potential V OC between working electrode and reference electrode can be expressed as: If it is assumed here that both reference and working electrodes are metallic electrical conductors, and their electron chemical potentials can be assumed as constant, 30 then Eq. A2 changes to Where ϕ e (r ) and ϕ e (M) L are the electrostatic potentials at reference electrode and cathode surface respectively. For simplicity point of view the electrical field gradient inside bulk MIEC and ohmic drop caused by electrolyte together with its contact resistance with working electrode are considered negligible, 27 then it follows, Appendix B -Correlation of parametric study to surface thermodynamic property
As the simulation results of case 1-4 suggest cathode surface reaction kinetics together with competition of kinetic pathways can depend upon certain surface material parameters such as equilibrium oxygen ion concentration (C O − ad ,eq ), it is worthwhile to further discuss the physical mechanism and kinetic implication underlying such parameter modification. Refer to the surface adsorption step in Eq. 6, the following relationship would exist for the assumed reaction mechanism at equilibrium as is derived by Lynch and associated χ S,eq implies a reduction of oxygen adsorption energy and essential enhancement of adsorption kinetics. This energy change may be physically correlated to the presence of kinetically favorable coordination plane and cation composition on cathode surface, as DFT calculation with TST surface model has suggested much lower adsorption energy for B-site cation such as Mn in perovskite structure. 42 Therefore, the varied species concentrations for case study would rather reflect fundamental change of surface structural or catalytic properties. On the other hand, change of exchange currents in case 4 with constant species equilibrium concentrations implies then the rate constants are modified by transition state energy specifically assumed while surface properties keep unchanged. It should be also mentioned here that in this study oxygen surface exchange is assumed to occur via surface oxygen ion (O − ) as dominant reaction species, since recent DFT calculation 43 by incorporating the surface Galvani potential effect into the analysis for adsorption enthalpies of different surface oxygen species has suggested the equilibrium coverages of super-and peroxygen ions would be orders of magnitude lower than that of atomic surface oxygen ion on LSM electrode surface due to less exothermic adsorption process.
